Scanning probe microscopy has become a powerful tool to detect structural changes in small clusters of atoms. Herein, we use an atomic force microscope to measure the length of gold nanowire structures during extension and compression cycles. We have found that nanowires elongate under force in quantized steps of up to three integer multiples of 1.76 Å and that they shorten spontaneously in steps of 1.52 Å. Our results can be explained by the sliding of crystal planes within the gold nanowires creating stacking faults that change the local structure from face-centered cubic to hexagonal close packed. Our data also show that there can be up to three simultaneous slip events, in good agreement with the tetrahedral arrangement of slip planes in a gold crystal. These experiments provide direct evidence for the mechanism underlying the plastic deformation of a nanowire. A similar approach can be used to examine the atomic events underlying the plastic failure of other metals and their alloys. N anowires are easily formed between metal contacts that are pushed together and have been investigated because of their promise as conductors in mesoscopic scale electronic devices (1-18). Nanowires exhibit quantized ballistic electronic conductance (10 -17) and a yield strength that can be more that 20 times bigger than bulk (1, 3, 5-9). Gold nanowires, when placed under a stretching force, undergo atomic rearrangements (1-9) until they form single atom wires and then break (1, 14, 16, 17, 19) . On elongation, nanowires are thought to reach configurations that are similar to those observed in atomic clusters including the assembly of ''magic number'' cluster structures (15, 17) . Herein, we use an atomic force microscope (AFM; ref. 20) in air and at room temperature to form gold nanowires and to monitor their length during elongation͞compression cycles. We find that nanowires elongate and shorten in quantized steps whose lengths correspond to the forced displacements of the {111} crystal planes that produce stacking faults in the gold lattice (21).
N
anowires are easily formed between metal contacts that are pushed together and have been investigated because of their promise as conductors in mesoscopic scale electronic devices (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Nanowires exhibit quantized ballistic electronic conductance (10 -17) and a yield strength that can be more that 20 times bigger than bulk (1, 3, (5) (6) (7) (8) (9) . Gold nanowires, when placed under a stretching force, undergo atomic rearrangements (1-9) until they form single atom wires and then break (1, 14, 16, 17, 19) . On elongation, nanowires are thought to reach configurations that are similar to those observed in atomic clusters including the assembly of ''magic number'' cluster structures (15, 17) . Herein, we use an atomic force microscope (AFM; ref. 20) in air and at room temperature to form gold nanowires and to monitor their length during elongation͞compression cycles. We find that nanowires elongate and shorten in quantized steps whose lengths correspond to the forced displacements of the {111} crystal planes that produce stacking faults in the gold lattice (21) .
Materials and Methods AFM. Our custom-made AFM apparatus as well as its mode of operation are identical to apparatuses that we have described recently (22, 23) . The AFM was constructed with a Digital Instruments (Santa Barbara, CA) AFM detector head mounted on top of a single-axis piezoelectric actuator. Data acquisition and control of the piezo movement were done simultaneously with a personal computer mounted data acquisition board (AT-MIO-16X; National Instruments, Austin, TX) with customwritten software (LABVIEW, National Instruments). The AFM cantilevers (TappingMode Etched Silicon Probe, Digital Instruments) had a spring constant, k c , of 20-100 N͞m. The length of the nanowires was calculated by subtracting the cantilever def lection from the travel of the piezoelectric actuator (⌬l ϭ ⌬p Ϫ ⌬c; see Fig. 1 ).
Gold Nanowires. Glass coverslips were coated with 40 nm of chromium͞nickel (80Cr͞20Ni; Goodfellow, Cambridge, England) and 100 nm of pure gold (99.99%; Goodfellow) with a high vacuum evaporator (Edwards, Wilmington, MA). AFM cantilevers were coated on both sides with a 20-nm layer of chromium͞nickel and a 50-nm layer of gold. Gold nanowires were formed in air and at room temperature by pressing a gold-coated AFM cantilever against a gold-coated coverslip. The electrical conductance of gold nanowires was measured by clamping the voltage across the AFM tip and the gold-coated coverslip and measuring the resulting current by means of a current-to-voltage converter with a 50-k⍀ feedback resistor.
Results and Discussion
Gold nanowires, a few atoms across and 5-10 nm long, were readily formed in air and at room temperature by pressing a gold-coated AFM cantilever (spring constants ϭ 20-100 N͞m) against a gold-coated coverslip. Fig. 1 A shows a schematic diagram of our set-up. The nanowires could be compressed by a few nanometers and then stretched back by moving a piezoelectric actuator that pushed or pulled the nanowire against the AFM cantilever (1-9). During these cycles, we measured the force (F; Fig. 1 A and B) applied to the nanowire and monitored its length (l) by subtracting the displacement of the piezoelectric actuator from the movement of the cantilever, ⌬l ϭ ⌬p Ϫ ⌬c ( Fig. 1 A and B) . In addition to measuring force and length, we also simultaneously measured the nanowire conductance (G; Fig. 1 A and B) , which is an estimate of the cross-sectional area of the nanowire contact, valid in the Sharvin limit (8, 9) . Fig. 1B shows a typical recording of ⌬l, G, and F obtained on compressing a gold nanowire. As shown before, the compressive force on a nanowire varies in a sawtooth pattern with peaks of Ϸ2 nN, which coincide with step increases in nanowire conductance (7) . We have found that during these cycles, the length of the nanowire also changes in a stepwise manner (⌬l, Fig. 1B ) and that measurements of length can describe the plastic deformation of a nanowire accurately.
In Fig. 2 , we show details of simultaneous recordings of length and conductance measured on pulling and compressing gold nanowires with our AFM instrument. The tensile phase of the cycle shows both elastic and plastic deformations (Fig. 2 A) . The elastic deformation is observed easily at the beginning of the recording and is characterized by a continuous increase in the length of the nanowire, while, at the same time, the conductance declines slightly. During the forced extension, a point is reached where the accumulated strain is relieved by a plastic event that results in a stepwise elongation of the nanowire, simultaneously causing a step reduction in conductance (1) . The nanowire continues to elongate with a mixture of clearly distinguishable elastic and plastic events until the contact between the tip and This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: AFM, atomic force microscope͞microscopy; fcc, face-centered cubic; hcp, hexagonal close packed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. the nanowire breaks (Fig. 2 A, arrow) . During the compressive phase, the nanowires also shorten with a mixture of elastic and plastic events (Fig. 2B, arrow) . Initially, the AFM tip jumps to contact with the nanowire, which then begins to shorten in steps (Fig. 2B) . These plastic events are accompanied by step increases in conductance. In the early phase of nanowire shortening, we observed that many steps occurred spontaneously at a negligible applied force (Ͻ100 pN; not shown). Thus, on reestablishing contact with the AFM tip, the nanowires undergo spontaneous shortening. Fig. 3A shows a histogram of the size of the elongation steps. The figure shows three distinct peaks at 1.76 Å, 3.35 Å, and 5.35 Å, showing that elongation occurs in integer multiples of Ϸ1.7 Å. The magnitude of the elongation step is correlated only loosely with the magnitude of the corresponding step decrease in conductance, with several step elongation events showing no change in conductance (Fig. 3A Inset) . Fig. 3B shows a histogram of the shortening step sizes. In this case, we observe a distribution with a single peak at 1.52 Å.
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Step shortenings also correlate poorly with the size of the corresponding step increases in conductance (Fig. 3B Inset) .
It is generally accepted that plastic elongation of a gold face-centered cubic (fcc) crystal structure involves the sliding of {111} planes with respect to each other (4, 19, 21) . Recent experiments demonstrated that gold nanowires could be pulled into single atom wires characterized by a ballistic electronic conductance of Ϸ77 S (G 0 ; refs. 14 and 16). In these experiments, the single-atom wires were observed to break at lengths that were multiple integers of 3.6 Å (or 2.7 Å, see footnote 21 in ref. 24) , lengths that were related to the stretched Au-Au bond length (14) . In contrast to these results, the forced elongation of the thicker nanowires reported herein occurs in steps of Ϸ1.7 Å, a length that does not match that of the Au-Au bond (2.88 Å) or the interlayer distance of an fcc gold crystal (2.04 Å). The discrepancy becomes even larger if we take into account that the gold nanowires are typically stretched by Ϸ15 nN of force. Hence, it is likely that the magnitude of the quantized elongation events results from the geometry of the sliding of crystal planes in the nanowires. Fig. 4A examines this possibility. Although gold atoms form an fcc lattice, the sliding of a {111} plane will alternatively form either an fcc or a hexagonal-close packed (hcp) structure with its neighbors (21) . These events (fcc-to-hcp transitions) form structures known as stacking faults and are thought to be of common occurrence during plastic deformation (4, 19, 21) . Fig. 4A shows a gold crystal oriented in the [111] direction and traces the path of a gold atom during consecutive slide events of a {111} plane, which is inclined to the [111] direction at 19.5°. The {111} planes begin as fcc and then, after a first step (Fig. 4A , AB ជ , ͉AB ជ ͉ ϭ 1.66 Å), become hcp, and a subsequent step packs the planes again into an fcc lattice (Fig.   4A , BC ជ , ͉BC ជ ͉ ϭ 1.66 Å). The first fcc-to-hcp transition contributes with a total displacement of ⌬l ϭ 1.66 Å⅐cos(19.5°) ϭ 1.56 Å in the z axis, which is close but not exactly the value observed experimentally. By contrast, the second transition (hcp to fcc) occurs at an angle of 60°and is calculated to contribute with a much smaller step size of only ⌬l ϭ 0.78 Å, which we do not observe. Table 1 shows the calculated values of ⌬l predicted for fcc-to-hcp transitions for various crystal orientations. It is unlikely that the nanowires have a single, well defined crystalline structure. We speculate that there will be a mixture of crystalline domains oriented randomly, intermixed with dislocations and stacking faults.
Schmid's law (21) predicts that the preferred slippage modes will be those that experience the greatest component of the force in the slip direction. Therefore, in the case of the nanowires, the preferred slippage will be {111} planes undergoing fcc-to-hcp transitions in a crystal oriented in the [111] direction (Table 1) . It is also suggestive that the histogram of Fig. 3A shows three distinct peaks, in agreement with the fact that, in the [111] orientation, there are three {111} planes that can slide with high probability (Table 1 ). The maximal predicted step elongation (⌬l ϭ 1.56 Å) is smaller than the observed first peak of the distribution ( Fig. 3A; ⌬l 1 ϭ 1.76 Å) . However, the calculations of Table 1 were done for a relaxed gold crystal, whereas our measurements are done under an applied force. Nanowire stretching was done typically under an average pulling force of 15 nN (n ϭ 1,000, where n is the number of measured steps). The elongation events of the first peak in the distribution shown in Fig. 3A occurred at an average force of 12.2 nN (n ϭ 557) and an average conductance of G ϭ 52 G 0 (n ϭ 557), which corresponds to a cross-sectional area of 4.16 nm 2 (calculated as A c Ϸ 0.08⅐G͞G 0 nm 2 ; ref. 8) . Assuming a Young's modulus of Ϸ40 ϫ 10 9 N͞m 2 (7), we calculate a stretched ⌬l ϭ 1.67 Å, which is close to our experimental observations.
As shown in Fig. 2 , after stretching a nanowire to the point of rupture, we reversed the direction of the piezoelectric actuator and brought the AFM tip back in contact with the standing nanowire structure. As soon as contact was reestablished, the nanowire tended to collapse on its own, pulling the cantilever down with each shortening step and generating a pulling force of F ϭ 1.35 nN (n ϭ 776). Only after this force was relaxed to zero by steadily moving the nanowire up against the cantilever could a new shortening step be observed. A histogram of the steps obtained this way is shown in Fig. 3B . This time, the distribution of step sizes is represented by a single peak with a step size of ⌬l ϭ 1.52 Å. Higher multiples are not observed, probably because the pulling force developed by a spontaneous shortening step will prevent their occurrence. Because these spontaneous shortening steps were obtained at F ϭ 1.35 nN (n ϭ 776) and an average conductance G ϭ 23.2 G 0 (n ϭ 776), we calculate that the bonds are stretched by less than 1%. Hence, the distribution of step sizes shown in Fig. 3B (⌬l ϭ 1.52 Å) is a better measure of the slippage distance and is in excellent agreement with the predicted {111} slippage of gold crystals oriented in the [111] direction (⌬l ϭ 1.56 Å; see Table 1 ).
Our experimental results show that nanowire elongation events are quantized following ⌬l ϭ n⅐1.76 Å, where n ϭ 1, 2, or 3. These observations suggest elongation steps that involve one, two, or three simultaneous {111} slip events. Molecular dynamics simulations of nanowire stretching have predicted that the plastic extension of gold nanowires is due to the slippage of {111} planes (4, 19) . Furthermore, these simulations predicted that a principal mode of sliding was due to a ''three-plane slip'' mechanism where stacking faults would occur in all three faces of the slip tetrahedron (ref. 19 ; also see Fig. 4B ). Our observations strongly suggest that three-plane slips do occur but at a probability lower than that of either two-or just one-plane slips (see Fig. 3A ). A subsequent slip (BC transition) restores the local structure back to the fcc arrangement. The slips displace the {111} planes by 1.66 Å each time. However, their contribution to the elongation of the nanowire will depend on their relative inclination with respect to the pulling direction (e.g., ⌬l 1, ⌬l2, etc.; see Table 1 ). (B) Tetrahedral arrangement of {111} planes when the crystal is oriented in the [111] direction. Stacking faults can occur in one or all of the {111} planes that are oriented toward the pulling direction (three planes in this case; see Table 1 ). *The inclination angle of the {111} planes relative to the pulling direction. We assume that, in each case, the direction of the applied force coincides with the wire axis (crystal orientation). † Percentage of the force acting in the slip direction.
